Topolska K, Bieńko M, Filipiak-Florkiewicz A, Radzki RP, Cieślik E. The effect of fructan-enriched diet on bone turnover parameters in ovariectomized rats under calcium restriction. Ann Agric Environ Med. Abstract Introduction. Osteoporosis, the "quiet epidemic", is one of the most serious threats to public health. It is known that estrogen plays a significant role in the regulation of bone turnover, and its loss at menopause causes osteoporosis. Added to this, insufficient calcium intake accelerates bone mass loss, increasing the risk of fractures.
INTRODUCTION
The skeleton provides mechanical support for stature and locomotion, protects vital organs, controls homeostasis of minerals and must be maintained by constant bone modeling to carry out these important functions throughout life [1] . The loss of bone an its lowered quality is the hallmark of osteoporotic bone [2] . Osteoporosis, also called the "silent disease" or "quiet epidemic", is one of the most serious threats to public health, and is the cause of more than 8.9 million fractures a year worldwide [3, 4, 5, 6] . It is known that estrogen plays a significant role in maintaining bone homeostasis and regulating its remodeling. A deficiency of this hormone is observed after menopause [7] , added to which insufficient calcium intake accelerates loss of bone mass and increases the risk for osteoporotic fractures, especially in women after menopause [5] . Despite substantial evidence that calcium consumption is critical for optimal bone health and reducing later fracture risk, people do not consume adequate amounts of calcium. According to Price et al. [8] , the average dietary calcium intake is still below the recommended amounts, both for teenage girls and post-menopausal women. Because of the fact that the prevalence of osteoporosis is a very serious health problem, many scientists are concerned about the methods for treatment of this disease, including the usage of specific drugs. Although these anti-osteoporotic drugs can be used to improve the mineral density of bone and reduce the fracture risk, evidences suggests that their longterm use may have adverse effects on the human organism [9] . This is why it is crucial to develop alternative bone protective agents, in this respect, natural products from plants could be a good example [4] . Increasing interest in functional foods has driven research into the prevention and treatment of several chronic diseases [10] . Among functional bioactive compounds, fructans attract special attention. These prebiotics occur naturally in chicory root, artichoke, wheat, onion, asparagus, agave, and banana [11] . Fructans are characterized by hypoglycaemic and hypolipidaemic properties, as well as exerting the potential to enhance mineral bioavailability [12, 13] . Their effects on calcium absorption and bone mineral density have been reviewed [10, 14, 15] . The properties of these polysaccharides are depended on their structure, including the degree of polymerization. Some previous studies concerned several inulin-fructan sources, have shown that the chemical composition and action varies markedly [16, 17, 18, 19, 20] . Some evidence also shows the antioxidative action of fructan and a link between nutrients, antioxidant intake and bone health [21] .
The choice of a proper experimental model is crucial for studies concerning the potential functional properties of food products. The ovariectomized (OVX) rat model is the approved preclinical model for studying how the decline in the endogenous production of estrogen by the ovaries leads to postmenopausal osteoporosis, and how potential interventions can preserve bone condition in this period of life [22] . The ovariectomy approach to generate postmenopausal osteoporotic animal models was applied in rodents, mainly in rats [2, 23, 24] . This is why ovariectomized rats were used in the present study regarding the anti-osteoporotic potential of fructans from different sources. In the knowledge that antioxidants could play an important role in the protection of bone quality, for the current study it was decided to verify the fructan action in a strawberry matrix, which is a rich source of many bioactive compounds, especially polyphenols. On this basis, it was hypothesized that not only origin but also the food matrix could effectively modulate fructan action. To the best of the authors' knowledge, this is the first paper presenting the effect of feeding ovariectomized rats with a diet enriched in fructans from three different sources, added in two different forms -alone (as raw materials) or as components of a food product.
MATERIALS AND METHOD
Research materials. Research material were the pulp from tubers of Jerusalem artichoke (Helianthus tuberosus L.) var. Albik (agricultural holding using sustainable system of plant production, Wielkopolska Region, Poland), yacon (Smallanthus sonchifoulis) root powder (Oxapampa, Peru -EverTrust, United Kingdom) and Beneo Orafti Synergy 1 (Belgium) used as the ingredients of strawberry sorbets. For the sorbet production, strawberries (Fragaria × ananassa Duchesne) var. Senga Sengana (Oerlemans Foods, Poland) were used. The sorbets were prepared according to [16] . These products contained calcium in the amount 7.82 mg/100 g -sorbet enriched in Jerusalem artichoke, 15.09 mg/100 g -sorbet enriched in yacon root powder, and 4.05 mg/100 g -sorbet enriched in Beneo Orafti Synergy 1, respectively.
Study design and intervention. The study involved animal subjects, during which ethical standards and all applicable institutional and/or national guidelines for the care and use of animals were followed. Experimental animals were 12-week-old female Wistar rats, with a mean body weight of 269.4±31.4 g. They were kept in an animal house, in a controlled environment: under a 12/12-h light-dark cycle, at a constant temperature of 22±2ºC and humidity of 55±2%. The rats were housed in Tecniplast plastic cages (Eurostandard Type IV 1354G; three animals/cage).
After seven days of acclimatization, the animals were randomly divided and submitted to either a sham operation (SHO) or bilateral ovariectomy (OVX). During the sham operation, ovaries were bilaterally isolated from the approach in the medial line and replaced intact. During ovariectomy, ovaries were removed bilaterally from the approach in the medial line. Special care was taken to prevent accidental reimplantation of ovarian tissue during surgery. Uterine atrophy (observed during dissection) indicated a properly made ovariectomy. After four days of convalescence, the rats (n=72) were randomly selected and assigned to validation (three groups, with n=8/group) or treatment groups (six groups (n=8/group). All animals were fed diets prepared according to AIN 93M diet [25] , (including mineral as well as vitamin mixes), with some modifications (Tab. 1): -in validation model; group I (SHO-RC): sham-operated rats fed modified AIN-93M diet with recommended calcium dose -5,000 mg/kg diet, group II (SHO-LC): sham- 
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operated rats fed a low calcium (40% of Ca deficiency) diet, group III (OVX-LC) -ovariectomized rats fed a low calcium (40% of Ca deficiency) diet; -in treatment groups; animals were fed a low-calcium diet with one of three fructan-enriched sources added: Amount of fructans in diets of animals in groups IV-IX -8%; calcium content in low-calcium diets (for groups II-IX) was on the level of 3,000±0.1 mg/kg diet. Jerusalem artichoke pulp, as well as all sorbets, were added to the diet after lyophilization (Christ Alpha 1-4 apparatus, Germany).
All rats were allowed free access to deionized water throughout the whole experiment. The SHO-RC group was fed the diet ad libitum, and the other groups obtained the same amount of diet to avoid the hypertrophy induced by ovariectomy. Weight gain was monitored once a week.
At the end of the experiment, rats were euthanized, according to the ethical guidelines for animal experimentation. All the procedures were approved by the First Local Ethical Committee on Animal Testing at the Jagiellonian University in Kraków (No. 119/2011).
Analyses of rat serum and femur
Serum parameters. Serum ionized calcium (calculated on the basis on total calcium level determination), magnesium and phosphorus concentration, as well as alkaline phosphatase activity, were quantified using a BS 120 Analyzer (Shenzhen MindrayBio-Medical Electronics Co., Ltd., Stamar, Polandauthorized distributor). The serum level of osteocalcin was estimated using a Rat-Mid TM OsteocalcinEIA Kit (Immunodiagnostic Systems), and C-telopeptide degradation products from type I collagen (CTX) was determined by RatLaps TM EIA (Immunodiagnostic Systems).
Bone densitometry. Bone mineral density (BMD) and bone mineral content (BMC) of isolated femora were established by a Norland Excell Plus Densitometer (Fort Atkinson, WI, USA) equipped with Illuminatus DXA Software v.4.5 with a Small Animal Scan option. The measurements were performed using the following parameters: scout scan speed 100 mm/s, resolution 3.0x3.0 mm; measurement scan speed 10 mm/s, resolution 1.0x1.0 mm. The region of interest (ROI) after scout scan was defined manually. Densitometer was calibrated using the quality assurance phantoms (QA-Phantom), provided by the manufacturer, and performed in agreement with set procedures before every measurement series.
Statistical analysis. Data were presented as mean value ± standard deviation (SD). All the calculations were performed with statistical software package Statistica 9.1 (StatSoft Inc., USA). Hypothesis about normal distribution was verified by Shapiro-Wilk test, and homogeneity of variance by Levene'a test. Differences between SHO-RC and SHO-LC groups, as well as between SHO-LC and OVX-LC, were analyzed by the Student's t-test.
The data concerning treatment groups were subjected to two-factorial (3 × 2) analysis of variance, including three kinds of fructan sources and two forms of their addition to the diet. The differences between the means were evaluated using the post-hoc NIR Fisher test; significance level p≤0.05.
RESULTS
Validation model. The serum concentrations of biochemical parameters, as well as BMD and BMC for the groups SHO-RC, SHO-LC and OVX-LC, the validation model, are shown in Table 2 .
With regard to the effect of dietary calcium restriction in the sham-operated groups, a significant decrease was observed in the level of ionized calcium. In the case of phosphorus, it was maintained in the same direction of change, with a dramatic reduction by ca. 30%. Simultaneously, the concentration of magnesium remained unchanged. The analysis of bone turnover parameter showed a significant decrease in alkaline phosphatase (from 129.59 to 93.28) between the SHO-RC and SHO-LC groups. On the contrary, calcium hypoalimentation did not affect osteocalcin concentration in rat serum. Eight weeks of calcium hypoalimentation also did not cause significant differences between sham-operated groups in the values of densitometric parameters, i.e. bone mineral content, bone mineral density and bone area.
In turn, calcium hypoalimentation in the ovariectomized rats led to significant changes in the levels of examined biochemical parameters related to bone metabolism, except for serum concentrations of magnesium, phosphorus and alkaline phosphatase. The ionized calcium level was lower (p≤0.05) in OVX-LC group than in SHO-LC animals. Moreover, OVX-LC rats were characterized by a more than two-fold enhancement in osteocalcin concentration, and also a 75% increase in CTX level in the serum.
Effect of fructan-enriched diet. Table 3 presents the resulting changes in the studied parameters after the addition of fructans to the rat diet. The fructan-enriched diets did not affect the serum concentrations of ionized calcium (except for LC-F group) and magnesium. There was a significant increase in the phosphorus level in LC-FS animals, compared to the The activity of ALP in rat serum depended both on the fructan source and the form of their addition to the diet. The highest value of this enzyme was showed in the LC group (104.93); all the animals receiving fructan-enriched diets had a lower ALP activity in the blood serum. OVX-LC-JAS rats were characterized by an almost 50% lower value of this parameter (vs. low-calcium control group). Dietary fructans lowered the osteocalcin level, with significant changes observed between LC-FS and LC, as well as between OVX-LC-YS and OVX-LC groups. Additionally, feeding animals with the diet containing sorbet enriched in yacon or Jerusalem artichoke resulted in decrease (p≤0.05) of CTX, compared to the diet containing yacon or fructan formulation (alone or in the sorbet).
Statistical analysis revealed significant effect of the interactions between the kind and the form of fructan addition to the diet (Tab. 4). The obtained results of the study showed no significant differences in densitometric parameters between treatment groups.
DISCUSSION
An appropriate dietary intake of calcium (Ca), as the principal component of bone, can significantly reduce bone loss and it is crucial to replenish daily Ca losses. When the Ca intake is insufficient, the organism is forced to increase the process of osteolysis to maintain homeostasis [26] . The obtained results confirmed that Ca dietary restriction (60% recommended dose) caused a significant decrease in ionized calcium, phosphorus concentration in serum, as well as the activity of alkaline phosphatase (bone turnover parameter).
It is known that estrogen is a crucial regulator of bone quality and the role of this hormone in human bone health is well-described [6] . A decline in the ovarian production of estrogens at menopause often results in a dramatic loss of bone microarchitecture, increased bone resorption and porosity, all culminating in the development of osteoporosis [22] .
The ovariectomized (OVX) rat model is used for studying how potential interventions can preserve bone metabolism in a state that leads to postmenopausal osteoporosis. It is also well-established that an ovariectomy can result in a significant enhancement in bone resorption, a decrease in bone mineral density, as well as deterioration of the bone microarchitecture [27] . The results obtained in the current study show that the ionized calcium concentration in the serum of OVX-LC group were significantly decreased compared with the sham group (SHO-LC). These data were in line with Wang et al. [6] , although the authors also observed a markedly lowered phosphorus level. The losses of calcium are also obvious pathological features in osteoporotic patients [9] . There are evidences that fructans can positively impair calcium bioavailability, and improve bone quality [17, 28] . Positive action of inulin (10% in diet, 22 days of treatment) on Ca absorption was reported by Raschka et al. [29] . In turn, increased bone mineralization, density and structure due to an increase in Ca, P and Mg absorptions after the supplementation of Ca-deficient diet with galactooligosaccharides and fructooligosaccharides, was observed by Bryk et al. [30] . As the authors concluded, this prebiotic mixture may help improve bone development in a period of high calcium requirements.
In the presented study, when analyzing the results concerned on ovariectomized rat model after eight weeks of nutritional intervention, no significant changes were observed in ionized calcium (except for OVX-LC-F group) and magnesium concentration in the treatment groups. The increase in phosphorus level in OVX-LC-FS animals was comparable in the OVX-LC, OVX-LC-F, OVX-LC-Y and OVX-LC-JA, as well as the OVX-LC-JAS group.
It should be emphasized that regarding the effects of ovariectomy under calcium dietary restriction, special attention should be paid to bone turnover markers. The results obtained in the current study demonstrate that osteocalcin -bone formation biomarker, significantly increased in the OVX-LC group, compared to the SHO-LC Moreover, all fructan (independently of the kind and form of addition) led to a significant reduction in ALP activity. These results collectively demonstrate that feeding rats with fructans effectively ameliorates serum biochemical parameters in OVX rats. Similar results were also observed in human studies, after consuming eight g/day fructooligosaccharides (for three months) by Korean postmenopausal women [31] . Concentration of the CTX, bone resorption biomarker was also significantly increased in the OVX group compared to the sham group. In the current study, the level of this parameter among the treatment groups depended on the kind of fructan (p=0.043). This could be explained by the different polymerization degrees of fructans [32] . The interaction between the kind and form of fructan addition was also statistically important (p=0.046). The OVX-LC-YS and OVX-LC-JAS were characterized by the lowest concentration of CTX, with a significant difference observed between this group and OVX-LC-Y, OVX-LC-F and OVX-LC-FS.
When considering the results of statistical analysis it should be mentioned that interactions 'the kind versus the form of fructans' indicate that the matrix of strawberry sorbets could strengthen the beneficial effect of fructan on bone turnover parameters. This is the most apparent in the case of yacon which, when was added as an ingredient of sorbet it was more efficient in decreasing of CTX -bone resorption marker (p≤0.05), than the same component as a raw material (yacon root powder). In the study performed on growing female rats, it was confirmed that strawberry sorbets enriched in fructan sources had more advantageous effects on bone quality than these compounds added to the diet alone [28] .
It is known that ovariectomy induces oxidative stress in bone [33] . As an effect of this process, the disturbances in bone remodeling resulting in an unbalance between osteoclast and osteoblast activity, can lead to metabolic bone diseases [34] . On the other hand, fructan as well as strawberries, are regarded as anti-oxidative agents [21, 35, 36] . There are evidences from clinical studies that reactive oxygen species and/or antioxidant systems can be involved in the pathogenesis of bone loss [34, 37] . Thus, the effect of a diet containing strawberry sorbets enriched in fructan rather than the raw materials could be derived from other bioactive compounds. To evaluate bone quality in models of osteoporosis several methods and parameters, including measurement of bone density and microarchitecture, as well as its biomechanical properties, are applied [38, 39] .
Comparisons with the SHO-LC showed that femoral BMD in the OVX-LC group decreased significantly. Although there were no significant changes after nutritional intervention, an increasing tendency in OVX-LC-FS (vs. OVX-LC) was observed. No differences in BMD between FOS group (5%, 23 days), compared to control animals, was also observed by Lobo et al. [40] . The same observations were made by Legette et al. [41] in a study on female Sprague-Dawley rats after four-week administration of 5%inulin or polydextrose. On the contrary, Demigné et al. [42] showed that BMD of diaphysis was improved by chicory treatment (7.5% inulin) for three months.
The reason for the lack of statistical difference in BMD results in the current study could be the duration of the experiment, which was a limitation of the study. It is possible that longer time of feeding would allow the observation of marked effects of fructan action on bone density. Further long-term studies are planned in this area. It is also emphasized that the results obtained from animal studies could not be to directly extrapolated to the human organism. For that reason, next step should be biological verification of the examined sorbets enriched in fructan sources action in human intervention studies in the context of osteoporosis prevention.
CONCLUSIONS
The presented study attempted to answer the key question about the relationship between the consequences of dietary calcium restriction combined with estrogen deficiency (caused by ovariectomy) and fructan-enriched diet (including the "matrix effect"). The results obtained suggest that fructan administration has a positive effect on bone turnover parameters (OC, ALP). Feeding rats a diet containing yaconenriched sorbet, as well as Jerusalem artichoke-enriched sorbet, significantly affected the CTX concentration in serum of OVX rats. It is possible that other constituents of strawberry sorbets contributed to their effects on the bone turnover parameters. The kind of fructan source (raw material or sorbet) significantly affected the phosphorus level and alkaline phosphatase activity in rat serum. Moreover, CTX serum level was the only parameter where a significant interaction between the kind of fructan source and the form of its addition to the diet was observed. 
